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•  Today	
   it	
   is	
   well	
   known	
   that	
   stars	
  
are	
  powered	
  by	
  nuclear	
  reac*ons.	
  

•  Among	
  the	
  several	
  key	
  parameters	
  
(chemical	
   composi*on,	
   opacity,	
  
nuclei	
   life*mes,	
   etc.)	
   to	
   model	
  
stars,	
  reac*ons	
  cross	
  cross	
  sec*ons	
  
play	
  an	
  important	
  role.	
  	
  	
  

•  They	
   determines	
   the	
   origin	
   of	
  
elements	
   in	
   the	
   cosmos,	
   stellar	
  
evolu*on	
  and	
  dynamic,	
  etc.	
  

•  Many	
   reac*ons	
   ask	
   for	
   High	
  
Precision	
  data.	
  

•  Many	
   reac*ons	
  don’t	
  have	
  data	
  at	
  
all	
  and	
  rely	
  on	
  theory.	
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p + p	
  →	
  	
  d + e+ + νe	
  

d + p	
  →	
  3He + γ 

3He +3He	
  →	
  α + 2p 
3He +4He	
  →	
  7Be	
  +	
  γ	



7Be+e-→	
  7Li	
  +	
  γ +νe 	

 7Be + p	
  →	
  8B	
  +	
  γ 

7Li + p	
  →	
  	
  α + α 
8B→	
  2α + e++ νe 

84.7 % 13.8 % 

13.78 % 0.02 % 

p-­‐p	
  Chain	
  

12C	
   13N	
  
p,γ	
  

β-­‐	
  

13C	
  

14N	
  

p,γ	
  

15O	
  

β+	
  

15N	
  

p,α	
  

p,γ	
  

CNO	
  cycle	
  

4p	
  →	
  4He	
  +	
  2e+	
  +	
  2νe	
  +	
  26.73	
  MeV	
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(Vanishing	
  Small)	
  Cross	
  Sec*on	
  Measurements	
  of	
  Astrophysically	
  Relevant	
  Nuclear	
  Reac*ons	
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Low	
  Laboratory	
  Coun*ng	
  Rates:	
  
	
  1	
  counts/month	
  –	
  1	
  counts/day.	
  

Low	
  CounFng	
  Facility	
  for	
  	
  
Nuclear	
  ReacFons	
  Experiments!	
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Isotopic	
  Evolu*on	
  (one	
  eq.	
  per	
  each	
  isotope):	
   Gamow	
  peak:	
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What	
  About	
  Extrapola*ons?	
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Extrapola*ons	
  could	
  (and	
  do)	
  fail!!	
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Rep. Prog. Phys. 72 (2009) 086301 H Costantini et al

Figure 4. The upper panel illustrates spectra of γ -ray background
as observed with a Ge detector placed outside (grey line) and inside
(black line) of LNGS. The lower panel shows a comparison of
low-energy spectra inside LNGS without lead shielding (grey line)
and including a heavy lead shield (black line).

γ -ray detector to a thousand-fold reduction in the γ -ray
background signal above Eγ = 2.6 MeV (figure 4(a)), i.e.
the region above natural radioactivity. In particular, in the
region between Eγ = 7 and 12 MeV, the suppression factor is
100 times better than what was achieved in laboratories at the
Earth’s surface using active muon shielding in combination
with paraffin and lead [27, 28]. However, γ γ -coincidence
methods [28] could lead to a significantly higher suppression
factor at the Earth’s surface compared with standard active
and passive shielding, but these methods are always coupled
to particular nuclear reactions and lead to a reduced detection
efficiency.

Therefore, the advantage of an underground environment
is evident for high Q-value reactions such as d(p,γ )3He and
14N(p,γ )15O, but appears less evident at first sight for low
Q-value reactions. In a surface laboratory passive shielding
such as lead can be placed around the detectors but it is
limited to a certain thickness. One cannot add further shielding
material since cosmic-ray muons interact always with the
material and create energetic neutrons which, in turn, create

Figure 5. Photo of the LUNA I accelerator. On the left side one
sees the ion source with the acceleration drift and on the right side
the gas target with a beam calorimeter at the end. The inset (upper
right corner) shows the accelerator part now displayed in a museum
at Teramo, Italy.

γ -rays in the lead. Clearly, this background component is
dramatically reduced with the significantly suppressed muon
flux in an underground laboratory. An additional γ -ray
background component below Eγ = 2.6 MeV arises due
to neutron-induced events, where the neutrons are created
by (α,n) reactions in the surrounding rocks, where the αs
come from natural α-radioactivity. A separate treatment
is needed for 222Rn, which diffuses out of the rocks and
permeates through the detector shielding. The decaying radon
and its daughters produce α and β particles that produce
again secondary γ radiation by bremsstrahlung and nuclear
reactions. A popular solution of this problem is to house the
detector in a box with a small overpressure of flushing nitrogen
(figure 4(b)) [29].

3.2. The LUNA 50 kV accelerator

As a pilot project for an underground accelerator facility, a
home-made 50 kV accelerator (figure 5) was installed in the
LNGS underground laboratory. This unique project, called
LUNA I (LUNA = Laboratory for Underground Nuclear
Astrophysics), was initiated in the year 1990 by G Fiorentini
and one of the authors (CR) and started measurements in
January 1994. Technical details of the LUNA accelerator setup
have been reported elsewhere [30].

Briefly, the facility consisted of a duoplasmatron ion
source mounted on a platform biased with a high voltage of
up to 50 kV. The beam was extracted from the source by an
extraction/acceleration system and transported to the target by
a double-focusing 90◦ analysing magnet. Exceptional features
of this system were the small beam energy spread of less than
20 eV, an acceleration voltage known with an accuracy of better
than 10−4 and a 3He beam current of about 300 µA even at
low energies. The ion beam was injected into a windowless
(recirculating) 3He gas target system which allowed a pressure
of 0.5 mbar in the interaction chamber. The beam was dumped
on a beam stop located inside the interaction chamber which,
as an effect of the beam power, heats to high temperatures.

7

Underground Accelerator!	
  

Background	
  reducFon	
  at	
  the	
  LUNA	
  facility	
  
in	
  the	
  Gran	
  Sasso	
  NaFonal	
  Laboratory	
  	
  
1400	
  m	
  deep	
  (=	
  3100	
  meter	
  of	
  water	
  
equivalent	
  shielding)	
  

Muon	
  flux	
  is	
  reduced	
  by	
  6	
  orders	
  of	
  
magnitude	
  
Neutron	
  flux	
  is	
  reduced	
  by	
  3	
  order	
  of	
  
magnitude	
  

For	
  low	
  Q-­‐value	
  reacFon:	
  	
  
Passive	
  shielding	
  (Pb)	
  is	
  more	
  
effecFve	
  when	
  the	
  muon	
  flux	
  
is	
  reduced	
  	
  

Clear	
  advantage	
  for	
  high	
  Q-­‐
value	
  reacFons.	
  

3/5/2013	
   6	
  Alberto	
  Lemut	
  	
  

Underground	
  

Surface	
  

Underground	
  
With	
  Shield	
  

HPGe	
  Detector	
  

H.	
  Costan*ni	
  et.	
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  Rep.	
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  Phys.	
  72	
  (2009)	
  086301	
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Was	
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Emin = 2.5 keV  
σ  = 9.2 pb  
Rate = 50 cts/day 

C. Casella et al. Nucl. Phys. A 706 (2002)  203-216 (TC 72) R. Bonetti et Al. Phys. Rev. Lett. 82 (1999)  5025 (TC 255) 

A. Lemut et Al. Phys. Lett. B 634 (2006)  483 (TC 432) 

49	
  Days	
  of	
  Effec*ve	
  Beam	
  Time!!!	
  

14N(p,γ)15O	
  

Emin = 70 keV  
σ  =0.23 pb  
Rate =10 cts/day 

Costantini et Al. Nucl. Phys. A 814 (2008) 144 (TC 149) 

3He(3He,2p)4He	
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Hydrogen	
  Burning	
  
3He(α,γ)7Be 	
  	
  
2H(α,γ)6Li	
  	
  
3He(3He,2p)4He 	
  	
  
7Be(p,γ)8B	
  
12C(p,γ)13N	
  
14N(p,γ)15O	
  
15N(p,γ),(p,α)16O,12C	
  	
  
17O(p,γ),(p,α)18F,14N	
  
18O(p,γ),(p,α)19F,15N	
  
19F(p,γ),(p,α)20Ne,16O	
   	
  	
  

Helium	
  Burning	
  
12C(α,γ)16O	
  
16O(α,γ)20Ne	
  
20Ne(α,γ)24Mg	
  
18O(α,γ)22Ne	
  
22Ne(α,γ)26Mg	
  
24Mg(α,γ)28Si	
  

Neutron	
  Sources	
  
13C(α,n)16O	
  	
  
22Ne(α,n)25Mg	
  
25Mg(α,n)28Si	
  
26Mg(α,n)29Si	
  

Heavy	
  Ion	
  Burning	
  
12C+12C	
  
12C+16O	
  
16O+16O	
  

17O(α,n)20Ne	
  
28Si(α,γ)32S	
  
...	
  
..	
  
.	
  

Many	
  Reac*ons	
  Need	
  High	
  Precision	
  Data!	
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DIANA	
  	
  
NSF	
  Funded	
  Project	
  



DIANA	
  Facility	
  Overview	
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Wide	
  Energy	
  Range	
  
High	
  Beam	
  Currents	
  

Proposed	
  Sites:	
  

1. 	
  4950	
  Level	
  at	
  SURF	
  (Homestake,	
  SD)	
  
2. 	
  KURF	
  (Kimballton,	
  VI)	
  
3. 	
  Soudan	
  (Soudan,	
  MN)	
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  Science	
  Goal’s	
  

3/5/2013	
   Alberto	
  Lemut	
  	
   11	
  

Two	
  key	
  ques*ons	
  of	
  nuclear	
  astrophysics:	
  
1.   What	
  is	
  the	
  origin	
  of	
  the	
  elements	
  in	
  the	
  cosmos?	
  
2.   What	
  are	
  the	
  nuclear	
  reacFons	
  that	
  drive	
  stellar	
  

explosions?	
  

DIANA	
  will	
  address	
  three	
  fundamental	
  ques*ons:	
  	
  
1.  Solar	
  neutrino	
  sources	
  and	
  the	
  metallicity	
  of	
  the	
  Sun;	
  	
  
2.  Carbon-­‐based	
  nucleosynthesis;	
  	
  
3.  Neutron	
  sources	
  for	
  the	
  produc=on	
  of	
  trans-­‐Fe	
  

elements	
  in	
  stars.	
  	
  

•  DIANA	
  will	
  support	
  a	
  long,	
  high	
  level	
  research	
  
program	
  ≥	
  20	
  years.	
  

•  Ideal	
  E&O	
  opportuniFes	
  on	
  all	
  levels	
  (under-­‐
graduate,	
  grad	
  students,	
  and	
  post-­‐docs).	
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3/5/2013	
   Alberto	
  Lemut	
  	
   12	
  

High	
  Radio-­‐purity	
  
Passive	
  Shields	
  
Radio-­‐protecFon	
  

Ultra-­‐low	
  Background	
  
Gamma	
  Detectors	
  

High	
  Energy	
  Accelerator	
  
High	
  Energy	
  Beam	
  
OpFcs	
  
Solid	
  Target	
  StaFons	
  
Neutron	
  Detector	
  

Gas-­‐Jet	
  Targets	
  

Low	
  Energy	
  Accelerator	
  
Calorimeter	
  
Overall	
  Engineering	
  
Low	
  Energy	
  Gas-­‐Jet	
  
detector	
  IntegraFon	
  

DIANA	
  
(Dual	
  Ion	
  Accelerators	
  for	
  Nuclear	
  Astrophysics)	
  

High	
  Beam	
  Intensity	
  
Developments	
  with	
  
Gas-­‐Jet	
  Target	
  



DIANA	
  Low	
  Energy	
  Accelerator	
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Main	
  Features:	
  
• 	
  High	
  Intensity	
  ECR	
  
ion	
  source.	
  
• 	
  Open	
  plakorm.	
  
• 	
  Accelerator	
  tube	
  
with	
  movable	
  
screening	
  electrode.	
  
• 	
  Two	
  beam	
  lines:	
  

 	
  Gas-­‐Jet	
  Target.	
  
 	
  Solid	
  Target.	
  

• 	
  Target	
  sta*ons	
  are	
  
integrated	
  into	
  beam	
  
line	
  design	
  and	
  high	
  
radio-­‐purity	
  passive	
  
shields.	
  
• 	
  High	
  voltage	
  
plakorm	
  is	
  enclosed	
  
in	
  grounded	
  Faraday	
  
cage.	
  



Targets	
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  Detectors	
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Jet	
  gas	
  target	
  constrains	
  the	
  Low	
  Energy	
  beam	
  diameter	
  to	
  be	
  ≤	
  1	
  cm	
  

0
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Stage 1 Stage 2 Stage Stage 3

P

Stage 4

LE	
  and	
  HE	
  Target	
  Sta*ons	
  

1)	
  High	
  Areal	
  Density	
  Supersonic	
  Jet	
  Gas	
  
Target:	
  Goal	
  1018	
  atoms/cm2	
  (0.2-­‐0.4	
  
x	
  1018	
  appear	
  really	
  feasible).	
  	
  

2)	
  A	
  second	
  beam	
  line	
  for	
  a	
  Solid	
  Target	
  
Sta*on	
  and/or	
  extended	
  gas	
  target.	
  

HP	
  Germanium	
  Detector	
  Array	
  
(Clover	
  type)	
  	
  

Neutron	
  Detector	
  (3He	
  type)	
  under	
  Development	
  

Jet	
  Stream	
  
Loca*on	
  

Beam	
  Direc*on	
  

Four	
  70	
  mm	
  ×	
  70	
  mm	
  HPGe	
  Clover	
  Detectors:	
  
• 	
  High	
  energy	
  resolu*on.	
  
• 	
  High	
  detec*on	
  efficiency.	
  	
  	
  



Passive	
  Detector	
  Shielding	
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High	
  Purity,	
  Ultra	
  Low	
  Ac*vity	
  Materials	
  

Radon	
  Box	
  Flushed	
  with	
  High	
  Purity	
  Nitrogen	
  

25	
  cm	
  Lead	
  

Oxygen	
  Free	
  Copper	
  

Pictures	
  from	
  LUNA	
  3He(α,γ)7Be	
  Setup	
  



DIANA	
  Project	
  Status	
  

11/27/2012	
   Alberto	
  Lemut	
  	
   16	
  

FY	
  2010-­‐2012:	
  NSF	
  S4	
  Preliminary	
  Design:	
  
• 	
  All	
  components	
  have	
  been	
  designed,	
  specified,	
  quoted:	
  

 	
  Low	
  energy	
  accelerator	
  (50-­‐400	
  kV,	
  up	
  to	
  100	
  mA)	
  
 	
  High	
  energy	
  accelerator	
  (0.3-­‐3.0	
  MV,	
  up	
  to	
  1	
  mA)	
  
 	
  Beam	
  lines	
  (magnets,	
  vacuum	
  sta*ons,	
  beam	
  diagnos*cs,	
  etc).	
  
 	
  Target	
  sta*ons	
  (solid	
  and	
  jet-­‐gas	
  target).	
  
 	
  Gamma	
  and	
  neutron	
  detectors	
  (low	
  intrinsic	
  background).	
  
 	
  High	
  radio-­‐purity	
  passive	
  shields.	
  

May	
  1st	
  2012,	
  DIANA	
  proposal	
  submijed	
  to	
  NSF	
  
call:	
  
• 	
  NSF	
  Awarded	
  the	
  DIANA	
  team	
  a	
  one	
  year	
  extension	
  (FY	
  2013)	
  
to	
  develop	
  engineering	
  design	
  and	
  detailed	
  cost	
  es*mates	
  with	
  
proposed	
  underground	
  site	
  teams.	
  
• 	
  The	
  process	
  for	
  the	
  site	
  selec*on	
  is	
  underway.	
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3He(α,γ)7Be:	
  DIANA	
  vs	
  LUNA	
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LBL	
  Has	
  a	
  High	
  Experience	
  in	
  High	
  Beam	
  Intensity	
  Ion	
  Source	
  Design!	
  	
  

30	
  cts/day	
  

1.5	
  cts/day	
  (LNGS)	
  

Up	
  to	
  1.4	
  MeV	
  

Solar	
  Gamow	
  Peak	
  

LUNA	
  @	
  50	
  kV	
  0.050	
  mA	
  
DIANA	
  @	
  50	
  kV	
  50	
  mA	
  
ρxDIANA/ρxLUNA≈	
  4	
  
ηDIANA/ηLUNA	
  =	
  28!	
  
DIANA/LUNA	
  ≈	
  11200!	
  

LUNA	
  2004	
  –	
  2006:	
  
ρx	
  =	
  2.47	
  ×	
  1017	
  atoms/cm2	
  

(3He	
  Extended	
  Single	
  Ended	
  	
  
Windowless	
  Gas	
  Target)	
  
η =	
  0.25	
  %	
  (1	
  HPGe	
  Detector)	
  
Ibeam	
  =	
  0.208	
  mA	
  (α,	
  LUNA	
  400	
  	
  
kV	
  Accelerator)	
  

DIANA	
  
ρx	
  =	
  1018	
  atoms/cm2(4He	
  High	
  	
  
Density	
  Windowless	
  Super	
  
Sonic	
  Jet	
  Gas	
  Target)	
  
η =	
  7	
  %	
  (High	
  Resolu*on,	
  	
  
High	
  Efficiency	
  Detectors,	
  	
  
Even	
  up	
  to	
  14-­‐20	
  %)	
  
Ibeam	
  =	
  50	
  mA	
  (4He+)	
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DIANA	
  Project	
  (6	
  Years)	
  

Final 
Design  

2013	
   2014	
   2019	
  2017	
  2012	
  

PDR 

2015	
   2016	
  

Procurement 
Construction  

AG 
Setup  

2018	
   2020	
  

Running  UG 
Setup  

UG 
Move  

PDR 
Extension 

PDR	
  Extension	
  

Summary:	
  	
  
• 	
  The	
  underground	
  approach	
  for	
  measuring	
  nuclear	
  reac*on	
  of	
  astrophysical	
  interest	
  has	
  
been	
  proved	
  to	
  be	
  successful.	
  	
  
• 	
  DIANA	
  will	
  be	
  the	
  next	
  genera*on	
  underground	
  accelerator	
  facility	
  for	
  nuclear	
  
astrophysics	
  experiments.	
  
• 	
  DIANA	
  Will	
  support	
  a	
  broad	
  low	
  energy	
  nuclear	
  astrophysics	
  program	
  (≥	
  20	
  years).	
  
• 	
  DIANA	
  Will	
  be	
  a	
  unique	
  deep	
  underground	
  accelerator	
  facility	
  with	
  beam	
  intensi*es	
  never	
  
available	
  before	
  (i.e.	
  LUNA	
  at	
  Gran	
  Sasso).	
  	
  	
  

EsFmated	
  cost:	
  ≈	
  46	
  M$	
  (Underground	
  Site	
  Cost	
  not	
  Included)	
  


